Transgenic TCF reporters: a brief history
The first test of multimerized T-cell factor (TCF) sites in vivo was performed in Drosophila (Riese et al., 1997) . Four copies of a TCF binding site, taken from a Wntregulated midgut enhancer of the Ultrabithorax (Ubx) gene, were placed upstream of a minimal TATAcontaining promoter driving lacZ. This binding site is necessary for Wnt-mediated activation of the Ubx enhancer in vivo (Riese et al., 1997; Yu et al., 1998) . However, transgenic flies carrying the multimerized TCF site reporter construct showed no lacZ expression in Wnt-responding cells, even upon overexpression of the Wingless ligand (Riese et al., 1997) . On the same day that this result appeared in Cell, a report in Science introduced TOPFLASH, a luciferase-expressing transfection construct, containing multimerized 'optimal' TCF binding sites, that responds specifically to Wnt/ b-catenin pathway stimulation in cultured cells (Korinek et al., 1997) . These very different experiments, although not directly comparable, established a tone of inconsistency concerning the transcriptional responsiveness of multimerized TCF sites that persists today. The aim of this review is to briefly discuss the past decade's worth of data obtained from transgenic TCF reporters in mice, fish, frogs and flies, to compare their behavior to that of natural Wnt target genes in vivo, and to discuss several caveats that may apply to the use of these reporters.
(Transfected reporters such as TOPFLASH will not be discussed further here, as the transcriptional responses of transfected constructs in cultured cells are not generally directly comparable to those of integrated constructs in transgenic animals; see Barolo and Posakony (2002) for a detailed discussion.)
In 1999, the first active transgenic Wnt reporter line was announced: the TOPGAL mouse (DasGupta and Fuchs, 1999; see Table 1 ). The TOPGAL transgene is based on the widely used transfection reporter TOPFLASH, but with lacZ replacing luciferase as the reporter gene. The activity of TOPGAL was initially described in the context of developing hair follicles, where it partially overlaps with TCF gene expression patterns, correlates with nuclear b-catenin and is inducible by a misexpressed stabilized form of b-catenin Fuchs, 1999, Merrill et al., 2001; Jamora et al., 2003) . The reporter is also active in the primitive streak and node of gastrulating embryos (Merrill et al., 2004; Nakaya et al., 2005) , in developing lung epithelia (De Langhe et al., 2005; Shu et al., 2005) and during wound healing in skin (Fathke et al., 2006) ; in all cases, there is evidence for Wnt signaling in these tissues, if not in all TOPGAL-positive cells.
A multimerized TCF site reporter created for zebrafish, called TOPdGFP, was also derived from TOP-FLASH, but uses a destabilized form of GFP as a reporter gene (Dorsky et al., 2002) . TOPdGFP expression can be detected at several known sites of Wnt/ b-catenin activity and depends on Wnt gene expression during early embryogenesis; furthermore, inhibiting signaling by knocking down Lef1 expression or by overexpressing Dickkopf reduces reporter gene activity (Dorsky et al., 2002; Hurlstone et al., 2003; R Dorsky, C Thorpe and G Weidinger, personal communications) . In the developing heart, TOPdGFP activity correlates with nuclear b-catenin and expands in an APC mutant (Hurlstone et al., 2003) .
More recently, the embryonic expression pattern of another multimerized TCF-lacZ transgenic mouse reporter, called BAT-gal, has been described (Maretto et al., 2003) . BAT-gal is expressed at many known sites of Wnt ligand expression in the embryo, as well as in intestinal adenomas in APC (Min/ þ ) mice, and responds to genetic manipulations of Wnt signaling in vivo (Maretto et al., 2003 , Dessimoz et al., 2005 Lie et al., 2005) . A very similar (but independently built) mouse reporter, called BATlacZ, shows expression in the embryonic node and primitive streak that is partially lost in Wnt3a À/À embryos (Nakaya et al., 2005) . In addition, two transgenic multimerized TCF reporters developed for Xenopus show expression in multiple known sites of embryonic Wnt signaling (Geng et al., 2003; Denayer et al., 2006) . Other transgenic reporters have been reported (Staal et al., 2001; Mohamed et al., 2004 ; see Table 1 ), but direct evidence regarding their Wnt responsiveness in vivo is limited.
Hits and misses among TCF reporters
The reports cited above clearly demonstrate that most transgenic TCF reporters accurately label many sites of known Wnt/b-catenin signaling. Therefore, these transgenes can be extremely useful for monitoring pathway activity at confirmed sites of signaling, and for identifying novel potential signaling contexts (subject to direct confirmation by other means). However, before placing strong interpretations on the observed presence or absence of reporter expression in a given cell type, it is worth noting that these reporters are not infallible. In the mouse, close comparisons of different TCF reporters have revealed discrepancies in certain contexts, such as in the node and primitive streak of the early embryo, in the follicle matrix and dermal papillae cells of developing hair follicles, and in the adult brain ( (Riese et al., 1997; Geng et al., 2003; Dessimoz et al., 2005; Fathke et al., 2006) . These observations suggest that evidence derived from TCF reporters regarding the presence or absence of Wnt/b-catenin signaling in a given tissue should not be regarded as conclusive in itself.
As the only multimerized TCF reporter to have been tested in transgenic Drosophila fails to respond to Wnt signaling (Riese et al., 1997) , I recently built a new Wnt reporter construct for flies. This transgene contains lacZ driven by a minimal TATA-containing promoter, downstream of four copies of natural TCF binding sites taken from a Wnt-regulated enhancer of the Ultrabithorax gene (Yu et al., 1998; see Table 1 ). Like the Riese reporter, my 4 Â TCF-lacZ construct is completely inactive in Wnt-responsive tissues, throughout embryonic development and in larval imaginal discs ( Figure 1 ). Possible explanations for the discrepancy between vertebrate and fly reporters will be discussed in the next section.
Vertebrate TCF reporters do not look or behave like typical Wnt targets
For the most part, natural Wnt-responsive genes, and for that matter genes regulated by any signaling pathway, do not exhibit a 'promiscuous', non-cell-typespecific response to pathway signaling, as TCF reporters like TOPGAL and BAT-gal appear to do. Instead, they are usually activated in a strictly context-specific manner at only one site of pathway activity, and do not respond to other pathway signaling events during development (reviewed by Hecht and Kemler, 2000; Barolo and Posakony, 2002) . Mutational analyses of TCF target enhancers consistently indicate that TCF sites in these elements are not sufficient for proper transcriptional activation in vivo; additional cell-type-specific, signalregulated and/or patterning inputs are required for activation in the correct pattern (Watabe et al., 1995; Haynes et al., 1996 and references therein; Riese et al., (Barolo and Posakony, 2002) . Because of their simplicity, therefore, multimerized TCF reporters are not good mechanistic or regulatory models for native Wnt target enhancers, however faithful their expression patterns (Figure 2 ).
Why do vertebrate TCF reporters work?
If vertebrate multimerized TCF reporters do not resemble native Wnt target enhancers, why do they respond to Wnt signaling in vivo, and why are fly TCF reporters inactive? One possible answer involves the TCF binding sites themselves. All of the vertebrate TCF reporters use 'optimal' sites that are a perfect (or in one case, near-perfect) match to the highest-affinity known in vitro binding site for Tcf-1, CCTTTGAT . Interestingly, both of the non-responding fly reporters use natural TCF binding sites that deviate from this 'optimal' sequence (Table 1 ). In addition, the number of TCF sites in reporter transgenes is very often higher than in native Wnt/TCF target enhancers, many of which contain only one or two TCF sites (e.g., Giese et al., 1995; Haynes et al., 1996; Yu et al., 1998; Shtutman et al., 1999; Arnold et al., 2000; Halfon et al., 2000; Yang et al., 2000; Maduro et al., 2005) . Perhaps placing a large number of close-packed, optimal-affinity binding sites immediately upstream of a promoter is sufficient to generate a transcriptional response not seen in most native TCF-regulated enhancers. The unusual regulation of the vertebrate Axin2 gene is consistent with the above 'TCF site number and affinity' model. Axin2 (also known as conductin or Axil), which encodes a negative feedback inhibitor of the Wnt pathway (Jho et al., 2002; Leung et al., 2002; Lustig et al., 2002) , is an exception to the general observation that Wnt target genes are tissue-specific in their transcriptional response. Like other feedback inhibitors in various pathways (e.g., naked cuticle, patched, Sprouty), Axin2 is activated in many, perhaps all, sites of signaling (Jho et al., 2002 and references therein; Lustig et al., 2002) . A region of the Axin2 promoter capable of responding to Wnt signaling in a transgenic reporter assay contains eight predicted TCF sites, most of which are close matches to high-affinity consensus TCF binding sites (Jho et al., 2002) . It may be that, unlike most Wnt targets, Axin2 makes use of a TOPGAL-like mechanism of activation by TCF.
A second potential explanation concerns the 'minimal' promoters used in TCF transgenic reporters. TOPGAL, TOPdGFP and p-Lef 7 -fos-GFP use a promoter taken from the c-fos gene, which is a transcriptional target of Wnt/b-catenin signaling (Staal et al., 2004) Imaginal discs and embryos in (a-c) were fixed and stained with X-gal as described by Romani et al. (1989) . 4 Â TCF-lacZ was constructed in the H-Pelican vector (Barolo et al., 2000) ; additional details are provided in Table 1 . Transgenic Wnt/TCF reporters S Barolo cAMP response element (CRE) (Robertson et al., 1995) , which may contribute to activation in some contexts. TCF sites and CREs act cooperatively on certain Wnt target genes (Hernandez-Munain et al., 1998; Yu et al., 1998; Spychala et al., 1999; Pradeep et al., 2004) . Moreover, Wnts have recently been shown to activate transcription directly via CREs (Chen et al., 2005) . Meanwhile, the BAT-gal and BATlacZ reporters use a promoter taken from the siamois gene, another Wnt pathway target (e.g., Brannon et al., 1997) . It is conceivable that the promoters of Wnt target genes such as c-fos and siamois are in some way competent or poised to respond to TCF activation. Other vertebrate reporters make use of non-Wnt-target promoters (see Table 1 ), but the Wnt responsiveness of these transgenes has not been as thoroughly characterized as that of TOPGAL, BAT-gal and TOPdGFP. Both non-responsive fly reporters use a truly minimal promoter (truncated at À43 from the transcription start site, just upstream of the TATA box) taken from hsp70, a nonWnt-responsive gene. This promoter fragment, which is very commonly used in Drosophila transgenic reporters, drives no expression on its own but is readily activated by heterologous cis-regulatory elements (e.g., Barolo et al., 2000 and references therein). A third possible explanation involves transgene copy number and/or insertion site. Randomly integrated vertebrate transgenes may be present in an array of repeated copies, whereas transgenic Drosophila carry a single copy per insertion site. Thus, high copy number may amplify a faint transcriptional response in vertebrate TCF reporters. This argument is countered by the fact that vertebrate reporter transgenes containing native enhancers do not typically show an obviously augmented transcriptional response, even though the transgene is frequently present in multiple copies. However, position effects and 'enhancer traps' at the integration site are well known to affect the expression patterns of transgenic reporters, both quantitatively and qualitatively. In the case of TOPGAL, two active lines were recovered; for TOPdGFP, only a single active founder was found in over 250 lines screened. This might suggest that the majority of insertions were nonresponsive, and that the active transgenes may be located in permissive chromosomal environments for gene activation (R Dorsky, personal communication). As a point of comparison, it is not unheard of to find, among a large number of Drosophila transgenic lines carrying a reporter that lacks TCF sites, an enhancer-trap line showing reporter gene expression in Wnt-responsive cells (Wilson et al., 1989; Volk and VijayRaghavan, 1994; Hatini and DiNardo, 2001; Newfeld and Takaesu, 2002; Carr et al., 2005) . A vertebrate TCF reporter transgene, inserted into a transcriptionally permissive chromatin domain, near a Wnt target gene such as Axin2, or even near a broadly expressed non-Wnt-target gene, perhaps in many copies, might well be expected to respond to Wnt signaling, with a little help from its genomic context.
A final potential explanation for the discrepancy between vertebrate and fly TCF reporters is simply that vertebrate TCFs may be more capable of activating transcription when bound to multimerized sites, compared to Drosophila TCF. This idea may seem unlikely, considering the striking evolutionary conservation of most Wnt pathway components, as well as the contextdependent responsiveness of most Wnt target genes in both vertebrates and invertebrates. Nevertheless, as a step toward clearing up the mystery of why vertebrate TCF reporters are active while fly reporters (so far) are dead, it would be highly informative to knock-in a single copy of a TOPGAL-like reporter construct at a relatively neutral site in the mouse genome.
TCF reporters are likely to miss certain modes of signaling Transgenic multimerized TCF reporters are designed to detect Wnt/b-catenin-regulated transcriptional activation, directly mediated by TCF proteins -that is, canonical Wnt signaling. However, a large body of evidence indicates that many Wnt pathway components have gene regulatory functions outside the canonical pathway. For example, TGF-b pathway signaling can trigger the nuclear translocation of b-catenin in at least one cell type (Jian et al., 2006) . In addition, various reports propose that b-catenin can activate Wnt target genes in a TCF-independent manner (Filali et al., 2002) , that Wnts can stimulate b-catenin-independent gene activation (Ziemer et al., 2001) , and that TCFs can activate transcription in the absence of Wnt signaling (Hsu et al., 1998; Labbe´et al., 2000) . These types of interactions would be expected to generate either false positives or false negatives in a TCF reporter assay. That is, a TCF binding site reporter may respond to Wnt-independent or b-catenin-independent TCF activation indistinguishably from canonical Wnt signaling; by the same token, Wnt-or b-catenin-mediated signaling that is independent of TCF should fail to stimulate these reporters.
A potentially more significant category of false negatives derives from the well-characterized repression activities of TCFs. TCF family members in flies, frogs and worms, as well as all mammalian TCFs, can interact with co-repressors and directly inhibit transcription in the absence of Wnt signaling (e.g., Cavallo et al., 1998; Brantjes et al., 2001 ). This 'default repression' (Barolo and Posakony, 2002) has been demonstrated to be critical for the proper regulation of many Wnt target genes. In some cases, default repression by TCFs appears to be at least as important as Wnt/TCFmediated activation for proper target gene regulation (e.g., Brannon et al., 1997; Crawford et al., 1999; Yang et al., 2000; Knirr and Frasch, 2001; Merrill et al., 2001; Park et al., 2005) . It is quite possible that Wnt signaling events that direct the de-repression of TCF target genes, but that do not trigger robust activation by TCFs, might not be detectable by multimerized TCF reporters, which have a baseline of zero and thus cannot register changes in repression (Merrill et al., 2004) .
Conclusion: interpreting TCF reporter expression patterns in vivo
Over the past several years, many laboratories have used transgenic TCF reporters to detect Wnt or b-cateninmediated signaling in vivo. It is clear that in most cases, these reporters correctly identify sites of pathway activity. However, I propose that three caveats apply to the use of these reporters:
(1) In cases where a TCF reporter is activated but a requirement for Wnt signaling has not yet been established in that context, prudent researchers will look for direct and independent corroborating evidence before claiming a novel role for the Wnt pathway. (2) Conversely, and even more importantly, a lack of reporter activity should not be interpreted as compelling evidence that Wnts, b-catenin and/or TCFs play no role in a given context. (3) Synthetic TCF reporters should not be considered to be representative of natural Wnt target genes, either in their transcriptional responses or in their cis-regulatory organization (see Figure 2) .
Although all three of these 'rules' have been broken repeatedly in the recent literature (no names given), many reports (for example, Dorsky et al., 2002; Maretto et al., 2003; Merrill et al., 2004; Dessimoz et al., 2005) have been careful to acknowledge the potential limitations of these useful genetic tools. Perhaps in the future, direct comparisons of different TCF reporters, which were originally designed to be simple indicators of signaling, will help to illuminate the molecular mechanisms of Wnt target gene regulation.
